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Objective: Relative contributions of genetic and mechanical factors to osteoarthritis (OA) remain ill-
deﬁned. We have used a joint loading model found to produce focal articular cartilage (AC) lesions, to
address whether genetic susceptibility to OA in Str/ort mice is related to AC vulnerability to mechanical
trauma and whether joint loading inﬂuences spontaneous OA development. We also develop ﬁnite
element (FE) models to examine whether AC thickness may explain any differential vulnerability to load-
induced lesions.
Methods: Right knees of 8-week-old Str/ort mice were loaded, AC integrity scored and thickness
compared to CBA mice. Mechanical forces engendered in this model and the impact of AC thickness were
simulated in C57Bl/6 mice using quasi-static FE modelling.
Results: Unlike joints in non-OA prone CBA mice, Str/ort knees did not exhibit lateral femur (LF) lesions in
response to applied loading; but exhibited thicker AC. FE modeling showed increased contact pressure
and shear on the lateral femoral surface in loaded joints, and these diminished in joints containing
thicker AC. Histological analysis of natural lesions in the tibia of Str/ort joints revealed that applied
loading increased OA severity, proteoglycan loss and collagen type II degradation.
Conclusion: Genetic OA susceptibility in Str/ort mice is not apparently related to greater AC vulnerability
to trauma, but joint loading modiﬁes severity of natural OA lesions in the medial tibia. FE modelling
suggests that thicker AC in Str/ort mice diminishes tissue stresses and protects against load-induced AC
lesions in the LF but that this is unrelated to their genetic susceptibility to OA.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is a complex disease with major genetic and
mechanical contributions1,2. Despite attempts to deﬁne these
contributions, the role of speciﬁc elements of the mechanical
loading environment remains incompletely deﬁned. It is possible to
hypothesise that predisposition to OA is due to greater articular
cartilage (AC) susceptibility to mechanical trauma3.
Genetic contributions to human OA exhibit Mendelian trans-
mission2,4, and highlight a contribution from environmental, pre-
dominantly mechanical factors5e7. These contributions might
depend upon the extent to which each gene product interacts with: B. Poulet, Centre for Rheu-
al School, Royal Free Campus,
s Research Society International. Pjoint mechanics, but also upon which speciﬁc mechanical factors
promote OA. It is known, for instance, that jogging does not modify
OA risk5, but that squatting, heavy lifting and repetitive, high
impact/intensity sports are strongly associated6,7.
Mechanical properties of damaged and OA cartilage differ from
normal; AC permeability increases in OA, resulting in decreased
stiffness during compression and further damage8. Differences in
mechanical properties of OA-prone (knee) and non-prone (ankle)
cartilage have also been demonstrated. The latter shows increased
equilibrium modulus and dynamic stiffness, and decreased
permeability, facilitating greater resistance to mechanical trauma
and OA9. It remains unknown, however, whether OA-prone joints
are more susceptible to mechanical damage from the outset.
The effect of additional joint use on OA-prone AC has been
studied previously. Lapvetelainen et al.10,11 used exercise and found
that this accelerated OA in ageing C57Bl/6 and transgenic mice
harbouring mutated Col2a1. Whilst exercise studies allow some
control, they do not allow direct control over the loads applied. Weublished by Elsevier Ltd. All rights reserved.
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mechanical loading of murine knees that may help to identify the
contribution made by precise mechanical factors to OA12. Applied
joint loading in this model has already been found to produce focal
AC lesions in the lateral femur (LF) in non-OA prone CBA13 and
C57Bl/6 mice, and will be used herein to address whether mice
susceptible to spontaneous OA, the Str/ort strain, exhibit greater AC
vulnerability to such mechanical load-induced traumatic
lesions13,14.
Most Str/ort mice develop knee OA lesions spontaneously at 20
weeks of age on the medial tibial plateau (MT)13,15,16. CBA mice, the
closest available parental strain17 show, in contrast, very low sus-
ceptibility to spontaneous OA13. The MT distribution of natural OA
lesions in Str/ort knees clearly differs from the LF location of those
produced by applied loads in our model12. This will also be
exploited herein to determine, by comparison with known out-
comes in aged-matched non-OA prone CBA mice, whether applied
joint loading accelerates spontaneous OA development in theMT in
young Str/ort mice. Finally, we develop ﬁnite element (FE) models
of loaded joints to examine the inﬂuence of AC thickness on
cartilage tissue stresses to deﬁne whether AC thickness may
contribute to different AC vulnerabilities to load-induced lesions in
mice.
Materials and method
Animals
Male Str/ort, CBA and C57Bl/6 (Charles River, UK) mice were
kept in polypropylene cages, with light/dark 12-h cycles, at
21  2C, and fed ad libitum with maintenance diet (Special Diet
Services, Witham, UK). All procedures complied with Animals
(Scientiﬁc Procedures) Act 1986 and local ethics committee. Str/ort
mice (from Prof. Roger Mason, London, UK) were maintained by
brother/sister pairing.
In vivo mechanical loading
Right knees of 8-week-old Str/ort mice (n ¼ 8) were loaded as
described18. The knee and ankle were placed in custom-made cups
in deep ﬂexion. Compression was applied with a servo-hydraulic
materials testing machine (Model HC10, Dartec, Stourbridge, UK)
through the knee in the upper cup in a trapezoidal wave, with 9 N
peak for 0.05 s, rise and fall-time of 0.025 s and 9.9 s baseline hold-
time, as previously used in CBA mice12. Baseline 2 N loads main-
tained tibiae in place between loading episodes. Forty cycles were
applied, 3 times/week for 2 weeks to the right knee (left, internal
control).
Histology
Mice were killed 2 days after ﬁnal loading episode. Dissected
right (loaded) and left (contra-lateral) knees were ﬁxed in neutral
buffered formalin, decalciﬁed (Immunocal, Quartett, Berlin), wax-
embedded and 6 mm coronal sections cut. Multiple sections (ﬁve/
slide) from 120 mm intervals across the whole joint were stained
with Toluidine blue (0.1% in 0.1 M acetate buffer, pH 5.6) and AC
lesion severity graded12.
Sections from left and right Str/ort joints (n ¼ 8; one section per
joint) were stained with Safranin O or used for immunohisto-
chemical detection of collagen-II degradation product, C1, 2C. Sec-
tions were dewaxed, endogenous peroxidase activity quenched (3%
H2O2 in PBS; 15 min, 37C), pepsin digested (3 mg/ml in 0.2 M HCl,
45min, 37C), blocked in 10% goat serum (1 h), incubatedwith anti-
C1, 2C antibody (overnight, 4C; 1:800; Ibex, Canada) or rabbit IgG(control). After washing, sections were incubated with goat-anti-
rabbit biotinylated antibody (1 h; 1:200; Biotin, Dako, Denmark)
and then AvidineBiotin-peroxidase reagent (as per manufacturer’s
instructions; Standard Vectastain AvidineBiotin Complex (ABC) kit,
Vector Laboratories Inc., CA) followed by colour development with
DAB.
Grading of AC lesions
AC lesion severity was scored in Str/ort mice by the methods
of Chambers et al.19, consistent with an internationally-
recognized system20. Brieﬂy, grade 0: normal; grade 1: rough
surface or superﬁcial zone lesions; grade 2: lesion down to the
intermediate zone; grade 3: lesions down to tidemark or loss of
AC; grades 4 and 5: AC loss across between 20% and 50% or 50e
80% of condylar surface; grade 6: loss with subchondral bone
exposure. Multiple slides (w10), each containing ﬁve 6 mm sec-
tions sampled at 120 mm intervals spanning each entire joint were
graded. Grading in each joint compartment (lateral/medial, tibia/
femur) allowed for a maximum (most severe) grade to be
assigned in each section, and used to produce an overall ‘average’
maximum grade in each group of mice, for the entire joint and for
each compartment12. In addition, a mean score was produced for
each joint and for each compartment and these similarly used to
produce an overall ‘average’ mean grade in each group of mice.
Mean grades provide a measure of the ‘extent’ of AC lesion
(representing relative volume) in each joint/compartment. Each
joint was scored twice, independently by a single blinded
observer, and an average used.
Assessment of osteophyte maturity and non-AC joint tissues
Osteophyte maturity was scored in Str/ort mice as described21.
Brieﬂy, multiple Toluidine blue-stained sections (as AC grading),
spanning each joint were graded. Grade 0: no osteophyte; grade 1:
predominantly cartilaginous; grade 2: mixed cartilage and bone;
grade 3: predominantly bone with marrow spaces. Maximum
scores on internal and external condylar margins were recorded.
Prevalence of obvious morphological deviation from normal his-
tology in synovial, meniscal and ligament tissues was also noted in
sections in which AC lesions were graded (w10 slides per joint12).
Measurement of AC thickness
In order to assess the basis for differences in trauma suscepti-
bility, AC thickness in non-loaded 8-week-old Str/ort and CBA mice
(control strain) was measured in Toluidine Blue-stained sections.
Distance between AC surface and subchondral bone was measured
perpendicularly to the surface in all compartments using an eye-
piece graticule (n ¼ 6 animals/group). Four measurements per
section in each compartment were made in multiple sections
across the entire joint (w10 sections/joint, at 120 mm intervals) and
average thickness calculated (lateral/medial, tibia/femur; 40 total
measurements/compartment in each joint).
Statistical analysis
Statistical analysis of AC lesion grades compared loaded (right)
and contra-lateral non-loaded (left) joints by paired Wilcoxon’s
signed-rank test. Loaded and contra-lateral joints were compared
for osteophyte maturity and non-AC tissue changes by Fisher exact
test. AC thickness in CBA and Str/ort mouse joints was compared
using unpaired t-test. P < 0.05 was considered statistically
signiﬁcant.
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We hypothesized that AC lesions were caused by local contact
stresses, which are inﬂuenced by AC thickness. FE modeling was
used to determine tissue stresses. Right hind legs of three 8-week-
old C57Bl/6 mice were stored in PBS-soaked gauze at 90C until
scanned and analyzed.
Imaging and loading
Thawed samples (n ¼ 3) were positioned in the loading cups
identically to the in vivo procedure. The loading rig, adapted to be
X-ray translucent, was placed in the microCT (VjTomejX; General
Electric). 2 N pre-load was considered the “non-loaded” state as
used in the in vivo setting. The knee joint was scanned (85 kV,
111 mA, 19 mm isotropic voxels), forces then increased to 5, 9 and
12 N and re-scanned after each increment. Non-loaded and 12 N
scans were used to generate the FE model; the whole range was
used to determine rigid body tibia and femur motion.
FE model
3D geometrical solid representations were created from
microCT scans (Materialise Mimics v14.0 Leuven, Belgium). Femur
and tibia were segmented in the non-loaded scan and triangular
surfaces meshes made using 3-Matic v5.1 (Materialise, Leuven,
Belgium; Fig. 1). The mesh was reﬁned in the joint contact area to
create smaller elements and improve subsequent FE calculations.
FE software Abaqus v6.10 (Providence, Rhode Island, USA)was used
to convert the triangular surface mesh to a tetrahedral volume
mesh. Because AC was not seen in scans, the cartilage layers were
created by lofting tibial plateau and femoral condyle surfaces to
create wedge elements. We made three different models with 20,
40 and 80 mm AC thicknesses. The base of each wedge AC element
matched the tetrahedral elements of the subchondral bone, sharing
nodes at the interface. The position of the femur relative to the tibia
was adjusted for the three different cartilage layers to obtain the
same initial gap distance between AC surfaces. The parts were
considered as isotropic linear elastic materials with material
properties elastic modulus E ¼ 18 GPa and Poisson ratio n ¼ 0.3 for
bone22, and E¼ 6 MPa and n¼ 0.49 for cartilage23. Though cartilageFig. 1. FE geometry and mesh and displacement of the femur relative to the tibia during load
Arrows show the direction of the loads applied. (B) Segmented data from the microCT scans
during loading (red). This was used to determine the direction of the loading for the FE m
condyles. (E and F) Contact shear on the femoral (E) and tibial (F) condyles. (Femurs are viis truly biphasic, previous studies have shown that at short time
scales it can be accurately represented by linear elastic models24.
Surface to surface contact was deﬁned between the tibia and femur
AC, with a 0.01 friction coefﬁcient25,26.
Femoral displacement relative to the tibia during loading was
determined from 3D images of non-loaded and 12 N scans. Sur-
faces of loaded and non-loaded tibiae were registered in Mimics,
generating a rotation matrix and translation vector. This trans-
formation was applied to the loaded scan to align tibiae in the
two scans. The change in femoral position with loading was
evident when the tibia from both scans were aligned and the
femur position compared producing another rotation matrix and
translation vector that deﬁned the motion of the femur from
unloaded to loaded state (Fig. 1). This femoral motion was used to
apply the displacements on the nodes on the proximal end of the
femur. Nodes at the distal end of the tibia were constrained in all
directions. Because we directly modeled the motion instead of
applied force and since the menisci serve little role in stress
distribution in this extreme ﬂexed position, menisci and liga-
ments, which have an inﬂuence in deﬁning the motion, were not
modeled (Fig. 1). The quasi-static contact model ran for the three
different cartilage thicknesses until it reached the speciﬁed
displacement.
Results
Applied loading does not induce lesions in the LF of Str/ort knee
joints
We have shown previously that 2 weeks of applied loading
induced localized AC lesions in the LF of 8-week-old CBA mice12. To
examine susceptibility of genetically OA-prone AC to load-induced
lesions, we loaded 8-week-old Str/ort mice, before overt sponta-
neous OA was apparent, and examined LF cartilage for mechanical
damage. We found that 8-week-old Str/ort mice did not develop
signiﬁcant LF lesions following 2 weeks of applied loading (Fig. 2;
n ¼ 8) and that, similar to other strains12, load-induced lesions
were lacking in the lateral tibia and medial femur compartments
(data not shown).ing. (A) FE with the assigned boundary conditions, bone is in green and cartilage in blue.
showing the changes in positions of the femur relative to the tibia before (green) and
odeling described in A. (C and D) Contact pressure on the femoral (C) and tibial (D)
ewed from the posterior side and tibia from the top.)
Fig. 2. Loading does not induce AC lesions in the LF of 8-week-old Str/ort mice. (A) Mean and maximum AC lesion severity scores are not increased between control (open) and
loaded (hashed) Str/ort mouse knee joints (n ¼ 8). (B) AC was thicker in all compartments of the knee joint in 8-week-old Str/ort mice (white) compared to CBA mice (grey). Data
shown as mean with 95% CI, statistical signiﬁcance is marked P < 0.001 between CBA and Str/ort mice.
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lesion formation
To identify baseline differences in AC structure which may un-
derpin susceptibility to load-induced trauma, we measured LF
cartilage thickness. This was signiﬁcantly thicker in 8-week-old Str/
ort (105.5 mm (95% Conﬁdence Interval (CI): 92.74, 118.2))
compared to CBA mice [76.6 mm (95% CI: 71.15, 82.15); P < 0.0001;
n ¼ 6; Fig. 2(B)]. Indeed, AC in Str/ort mice was thicker in all
compartments [Fig. 2(B)].
To examine the possible role of AC thickness in protecting
against mechanically-induced lesions, a FE model based on loading
of C57Bl/6 mice hindlimbs was created with three thicknesses (20,
40 and 80 mm). Femoral movement during loading was determined
using microCT images from before and at peak loading, and
revealed a rotational movement as well as compression [Fig. 1(B)].
This movement was simulated in the FE model and was found to
yield increased contact pressure and shear at the lateral side of
femoral and tibial condyles [Fig. 1(CeF)]; the location of contact in
the femur resembles that of AC lesions in CBA mice12. No load-
induced AC lesions were found in the lateral tibia in Str/ort mice.
Although magnitude of contact stresses were similar in tibia and
femur, the FE model showed that their total area of contact was
larger in the tibia compared to the femur during loading [Fig. 3(A
and B)]. This FE model was also used to examine the effects of
increased AC thicknesses on contact stresses in the femur with
applied loading. This showed that increased AC thickness resulted
in decreased contact pressure and shear, and increased contact area
(0.072 mm2 at 20 mm, 0.121 mm2 at 40 mm and 0.267mm2 at 80 mm
thickness) in the LF [Fig. 3(CeH)].
Applied loading accelerates OA progression in the medial tibia of Str/
ort mice
To establish the effect of applied joint loading on the develop-
ment of natural OA, which develops primarily in the MT of Str/ort
mice13,27, we analysed theMTof loaded 8-week-old Str/ort mice. AC
lesions in theMTweremore severe after 2 weeks of applied loading
compared to their contra-lateral joints, with higher mean severity
in loaded joints (from 0.12 (95% CI: 0.06, 0.31) to 0.77 (95% CI:
0.23, 1.31), P ¼ 0.031; n ¼ 8; Fig. 4). FE modelling showed that
promotion of natural OA in response to loading coincided with
smaller mechanical stresses in medial AC compartments than the
lateral side.
To determine whether this increase in AC lesion severity could
be due to accelerated degeneration of osteoarthritic AC, we lookedfor evidence of AC degradation28,29. Consistent with an acceleration
of active OA matrix degradation, the MT of loaded 8-week-old Str/
ort mice showed greater loss of Safranin O staining, a sign of pro-
teoglycan loss, and marked immunolabelling for a collagen type II
degradation product, compared with contra-lateral joints (Fig. 4).
Applied loading modiﬁes non-AC joint tissues in CBA but Str/ort
mice are relatively spared
Applied loading did not induce any signiﬁcant changes in
osteophyte formation nor meniscal ossiﬁcation in Str/ort mice, and
only a trend for increased incidence of synovial thickening was
observed (Tables I and II; four of eightmice). Loaded joints of Str/ort
mice did, however, show increased prevalence of cruciate ligament
cell hypertrophy and greater matrix staining intensity (Table II).
Discussion
Our model allows interplay between mechanical factors,
including trauma, and genetic susceptibility to OA to be examined.
By showing lower susceptibility to load-induced LF lesions in Str/
ort mice our data suggest that OA-prone joints are not necessarily
more vulnerable to AC trauma. We also ﬁnd using novel FE
modeling of mouse knee joints during loading that increased AC
thickness may account for this relative protection against load-
induced AC lesions. In addition, we ﬁnd that joint loading acceler-
ates natural OA lesions in the MT of Str/ort mice, with increased
proteoglycan (PG) and collagen type II degradation.
Previous studies using our non-invasive loading model have
shown that application of mechanical loads creates reproducible AC
lesions in the LF of non-OA prone CBA mice12. We now show,
somewhat unexpectedly, that Str/ort mouse joints, which develop
spontaneous early OA, are resistant to such trauma when an
identical regime is used. Although the exact stimulus to the carti-
lage itself is not quantiﬁed, this suggests that this spontaneous OA
is not necessarily due to a greater vulnerability of AC to mechanical
challenge.
Structural AC properties likely contribute to this mechanical
resistance, as might greater AC thickness in Str/ort knees (vs CBA).
To our knowledge, only Wilson et al.30 have examined whether AC
thickness contributes to trauma vulnerability, concluding that
thinner AC is more susceptible to tensile strains. Other modiﬁca-
tions in AC composition including greater aggrecan levels31 and
compressive stiffness may also contribute to this apparent protec-
tion27,32. Nevertheless, the characteristics dominating this protec-
tion remain undeﬁned and may also include differences in
Fig. 3. Contact area during loading. (A) Contact pressures on the femoral lateral condyle increase, but remain in the same position during loading. Contour lines indicate relative
magnitude of pressure for the contact area, which increases during loading. Black lines in the far right are sums of the contact area for the entire loading cycle and indicate the
location of minimum (outer), mean, and maximum (inner) contact areas. This provides an indication of how the contact area moves during loading. (B) In contrast, the contact
pressure on the lateral tibia moves during loading, resulting in increased contact area during loading. (CeH) Contour plots from the three different femoral cartilage thicknesses (20,
40 and 80 mm) on the posterior condyles of the femur, indicating highest contact pressure and shear in the thinnest cartilage. (Note: total displacement is similar in each of these
three models, but different from the loading shown in [Fig. 1(CeF)] to accommodate the different thickness.)
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changes in bone architecture35, rather than increased AC vulnera-
bility to trauma, may also explain the genetic susceptibility to
spontaneous OA in Str/ort mice.
FE analysis was used to model the role of AC thickness. This
showed that thicker AC in Str/ort mice might generate decreased
contact stresses to protect against load-induced LF trauma. Although
AC thickness is uniform in the FE models, it clearly varies across the
joint, and for this reason, multiple histological measures were made
(across the entire joint) and mean thickness reported. However, the
critical parameter in these FEmodels is the AC thickness at the area of
contact during applied loading. Conveniently, the position of this
contact area is relatively restricted and reproducible in our loading
model, which provides greater conﬁdence in making predictions
based on our modeling. Although FE modeling showed stresses of
similar magnitude in the lateral surfaces of tibia and femur, no AC
lesions developed in the lateral tibia. Our ﬁndings indicate that
stresses in the tibia were spread over a greater surface area than in
the femur during applied loading, suggesting that AC damage in the
femur is due to concentration of abnormal stresses over a small area.
Eight-week-old Str/ort mice do not normally show any sponta-
neous, overt OA.We found that load application led to increasedMT
lesion severity in these young mice, with PG loss and Collagen type
II degradation, suggesting an acceleration of OA. Previous studies
have shown that OA cartilage has decreased compressive and
tensile stiffness and may therefore be particularly sensitive to
loading8,36,37. It is also possible that once superﬁcial zone integrity
is lost, as in early OA, the underlying AC experiences higherstresses37. Indeed, our observations are consistent with lesion
progression and modiﬁcation of AC mechanical properties in the
tibio-femoral joints of rabbits in response to chronic loading38. Our
FE modeling showed that mechanical stresses generated by applied
loading in the MT were lower than on the lateral side, but were
nonetheless elevated compared to daily loading from ambulation.
Thus applied loading may accelerate spontaneous medial OA. This
would be consistent with previous ﬁndings indicating that
increased mechanical stimulation of OA chondrocytes, engendered
by changes in matrix composition, produce increased catabo-
lism39e44. Alternatively, this may not be due to the direct effects of
loading, but rather due to increased catabolic factors in the synovial
ﬂuid arising from tissues such as the synovium45,46, which also
showed load-related intimal layer thickening.
Our earlier studies revealed load-induced osteophyte formation
at the external LF in young CBA mouse joints12. Osteophyte for-
mationwas, however, unaffected by loading in young Str/ort joints,
possibly due to presence of mild natural osteophytes diluting their
apparent induction. Prevalence of synovial intimal hyperplasia in
loaded Str/ort mouse joints, although not signiﬁcantly increased in
this study, is also consistent with previous data12,47,48. Load-
induced meniscal chondrogenesis was not detected in Str/ort
joints, suggesting that they are relatively resistant. The cruciate
ligament, however, showed load-induced changes that were
similar to those in CBA mice12. These data, together with the rela-
tive protection of LF AC against load-induced lesions, suggest that
Str/ort mice are more resistant to joint trauma, but that the sus-
ceptibility of the cruciate ligaments does not differ.
Fig. 4. Loading increases AC degeneration in OA-prone medial tibia of 8-week-old Str/
ort mice. (A) Mechanical loading increased AC lesion severity mean and maximum
scores in the medial tibia. Data shown as mean with 95% CI. (BeE) Safranin O staining
was decreased around AC lesions in the MT of right loaded (C) vs left non-loaded (B)
Str/ort mice (proteoglycan (PG) loss; B and C), and collagen degradation products,
detected by immunohistochemistry (C1, 2C; D and E), were strongly labelled in the
extracellular matrix (ECM) surrounding AC lesions in MT of right loaded (E) compared
to left non-loaded (D) joints of Str/ort mice. (F) Section incubated with rabbit IgG
lacking primary antibody (control for E).
Table I
Effect of loading on osteophyte maturity
Left non-loaded Right loaded
Medial tibia
External 0.06 (0.08, 0.21) 0.68 (0.05, 1.42)
Internal Nil 0.37 (0.05, 0.80)
Medial femur
External 0.06 (0.08, 0.21) 0.62 (0.04, 1.20)
Internal 0.12 (0.17, 0.42) 0.62 (0.19, 1.05)
Lateral tibia
External Nil 0.25 (0.13, 0.63)
Internal Nil 0.12 (0.17, 0.42)
Lateral femur
External 0.06 (0.08, 0.21) 0.25 (0.06, 0.56)
Internal Nil 0.12 (0.17, 0.42)
Osteophyte maturity scores (mean with 95% CI) at each of eight deﬁned locations
(average of maximum scores at each location; n ¼ 8). No statistical signiﬁcance was
noted between control and loaded knees (Wilcoxon’s signed-rank test).
Table II
Effect of loading on prevalence of pathological change in non-AC joint tissues
Left, control Right, loaded
Synovium
Intimal layer hyperplasia 0/8 4/8
Meniscus
Chondrogenesis (lateral) 0/8 2/8
Chondrogenesis (medial) 0/8 0/8
Cruciate ligament
Cell hypertrophy 0/8 6/8*
Matrix stain 0/8 6/8*
Cell clusters 0/8 4/8
Incidence (number affected/number in group) of pathologic changes determined
histologically in joints loaded for 2 weeks (n ¼ 8 mice). Statistical signiﬁcance be-
tween left control and right loaded joints is denoted * for P ¼ 0.007 (Fisher exact
test).
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of natural OA lesions in the MT and it is tempting to speculate that
such loading will be deleterious at all OA stages. Advanced OA may,
however, show distinct interplay with joint mechanics and studies
in older mice are therefore required. With regards joint mechanics,
it is also pertinent that the model used herein applies compressive
load through a fully ﬂexed knee joint and may represent abnormal
loading at an abnormal location. Our studies are also, like most
in vivo models, limited by an assumption that they are not
complicated by changes in habitual gait; this is currently beingexamined. Nor do our studies examine the contribution of sub-
chondral bone architecture.
In addition, possible inaccuracies may arise from using a single
mouse strain (C57Bl/6) in the FE modeling, as differences in joint
architecture, articulation and size could produce differences in
contact stresses. Although this loading model is relatively control-
lable, we cannot ignore the fact that other tissues or joint shape
may explain the lack of load-induced AC lesions in Str/ort mice. Use
of a joint from one strain for FE modeling is unlikely to be a major
problem as joint position is likely reproducible during loading;
with cup design and holding loads (2 N) constraining limb bones to
a speciﬁc position. This is supported by the reproducible location of
load-induced AC lesions12. Ongoing studies show that AC lesion
location is identical in different mouse strains and co-localize with
maximal LF stresses described herein. Thus, use of a single joint is
unlikely to undermine our conclusion that cartilage thickness plays
a critical role in determining joint stresses.
Further FE modeling and validation will strengthen our con-
clusions and may inform adjustments needed to enhance the
physiological relevance of our loading model. Due to FE model
simpliﬁcations some structures were not taken into account.
Menisci and ligaments, critical to maintaining joint stability, were
notmodeled. We have shown in previous studies that ﬂexion in our
model places most contact area between femoral and tibial sur-
faces, with limited meniscal contribution12. The loading conditions
(displacement) applied to our FEmodel were taken directly from an
ex vivo specimen with menisci and ligaments intact, these struc-
tures have therefore been implicitly accounted for in the relative
motion of the AC surfaces. Our FE modeling also represented the
femur and tibia as solid deformable bodies without distinct
trabecular structure. Our focus on the AC meant that inclusion of
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magnitude stresses or the effects of AC thickness in this model.
Furthermore, AC was modeled as isotropic elastic, rather than
poroelastic material without simulating the joint capsule and sur-
rounding synovial ﬂuid. This is consistent with Carter and Beau-
pre24, supporting use of such properties when cyclic loads, as in our
model, exceed 0.1 Hz. While previous studies suggest that a
biphasic model, including ﬂuid ﬂow through the AC49, should be
used, the high loading rate (0.1 s loading) and low AC permeability
make it unlikely that signiﬁcant ﬂuid ﬂow occurs24. It is possible
that inclusion of synovial ﬂuid would dampen the loading effects,
thereby reducing stress magnitude but unlikely that it would alter
the location of highest stresses and the trends observed with AC
thickness. In addition, our FE model assumes homogenous cartilage
properties with depth and uses previously cited bulk parameters to
avoid relying on many unknown variables50. These assumptions
may represent an oversimpliﬁcation, as AC properties vary with
depth and we therefore only reported contact/surface stresses.
Future work will examine the effect of varying cartilage thickness
across the joint and of poroelastic material properties on cartilage
stresses. This simpliﬁed model does, however, inform us that joint
stresses co-localize with lesions and are modiﬁed by AC thickness,
and therefore indicates how cartilage lesions may be directly
related to load-induced stresses.
In conclusion, use of our in vivomurine knee joint loadingmodel
has allowed us to show that genetic susceptibility to OA is not
necessarily linked to a greater AC vulnerability to mechanical
damage, but that load application appears to accelerate OA which
arises spontaneously in another compartment. We also found by
direct measurement and via the generation of FE models that this
protection from mechanical trauma may be related to greater AC
thickness in Str/ort mouse knee joints. Together, these data indicate
that genetic susceptibility to OA, at least in Str/ort mice, is not
necessarily linked to a greater AC vulnerability to mechanical
trauma.
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